Protein synthesis is inherently a dynamic process, requiring both small-scale and large-scale movements of tRNA and mRNA. It has long been suspected that these movements might be coupled to conformational changes in the ribosome, and in its RNA moieties in particular. Recently, the nature of ribosome structural dynamics has begun to emerge from a combination of approaches, most notably cryo-EM, X-ray crystallography, and FRET. Ribosome movement occurs both on a grand scale, as in the intersubunit rotational movements that are coupled to tRNA-mRNA translocation, and in intricate localized rearrangements such as those that accompany codon-anticodon recognition and peptide bond formation. In spite of much progress, our understanding of the mechanics of translation is now beset with countless new questions, reflecting the vast molecular architecture of the ribosome itself. 
Introduction
One of the most intriguing of all biological structures is the ribosome, the ribonucleoprotein complex that is responsible for translation of the genetic code to produce proteins in all living organisms. In its simplest bacterial and archaeal forms, it is composed of 16S rRNA ($1500 nts), 23S rRNA ($2900 nts), and 5S rRNA ($120 nts), which make up about 60% of its mass, and more than 50 different proteins. The small (30S) subunit, which contains 16S rRNA and about 20 proteins, binds the mRNA and is responsible for mediating codon-anticodon interaction. The large (50S) subunit, which is made up of the 23S and 5S rRNAs and more than 30 proteins, contains the peptidyl-transferase catalytic site. Binding of tRNA to the A (aminoacyl), P (peptidyl), and E (exit) sites ( Figure 1a ) and their translocation through the ribosome are functions to which both subunits contribute. Although each phase of protein synthesis -initiation, elongation, and termination -consists of multiple steps requiring numerous extra-ribosomal translation factors, most if not all of these steps are based on molecular mechanisms of the ribosome itself. And to the extent that we presently understand ribosomal mechanisms, they all appear to involve the participation of rRNA, in keeping with the presumed ancient origins of the ribosome in an RNA world [1] [2] [3] [4] .
The dynamic nature of protein synthesis can be inferred from the nature of the translation elongation cycle (Figure 1b) , which involves translocation of tRNAs through the ribosome along a path of more than 100 Å , in steps of some tens of Å ngstroms ( Figure 1a ). It was long ago anticipated that such large-scale molecular movements would involve corresponding structural changes in the ribosome [5, 6] . Forty years later, molecular movements in the ribosome that accompany translocation are being observed directly, even in single ribosome and in real time. Furthermore, detailed examination of its structure suggests that the ribosome is a flexible, dynamic object, very unlike the man-made machines that are often invoked in the discussions of mechanism. The challenge is now to understand the many modes of ribosome dynamics, and how they enable the complex processes of translation.
Intersubunit movement
The two-subunit organization of the ribosome was first linked to its structural dynamics by Spirin [6] and Bretscher [5] who independently predicted that translocation, the coupled movement of mRNA and tRNA through the ribosome, is based on intersubunit movement. In the late 1980s, chemical-footprinting experiments showed that translocation takes place in two consecutive steps [7] . In the first step, the tRNAs move on the 50S subunit, leading to the formation of a hybridstate intermediate (Figure 1b ). In the second step, EF-G GTP catalyzes their movement, coupled to that of mRNA, on the 30S subunit. This result, together with sedimentation and neutron-scattering studies ( [8, 9] and references therein), was suggestive of a role for intersubunit movement in translocation.
The first direct evidence for independent movement of the ribosomal subunits during translocation came from the cryo-EM studies of Frank and Agrawal [10] . Ribosome complexes containing elongation factor EF-G bound with either a nonhydrolyzable analog of GTP (GDPNP) or GDP and fusidic acid (an antibiotic that prevents the release of EF-G following GTP hydrolysis) were found to have an altered conformation, in which the small subunit was rotated counterclockwise with respect to the large subunit, and tRNA appeared to be bound in the hybrid P/E state ( Figure 1c ) [10] [11] [12] . This finding prompted the proposal that translocation is driven by a ratchet-like mechanism that is coupled to intersubunit rotation. In a critical test of this model, the introduction of an intersubunit disulfide bridge between protein S6 on the 30S subunit and L2 on the 50S subunit was found to specifically block translocation, showing that intersubunit movement is indeed required for translocation [13] . The axis of rotation was localized to the vicinity of intersubunit bridge 3 (residues 1483-1486 of h44 of 16S RNA and 1948-1949 of h71 of 23S rRNA). Accordingly, intersubunit bridges located near the rotation axis (B2a-c, B3, B5, and B7a) appear to be essentially maintained during intersubunit rotation, while bridges located at the extremities of the subunits (such as B1a-b, B7b, and B8) are disrupted or rearranged.
Recently, intersubunit rotation has been directly observed in solution using FRET. Binding of EF-G was found to cause counterclockwise rotation of the small subunit in ribosomes containing fluorophores attached to proteins S6 (or S11) in the 30S subunit and L9 in the 50S subunit [14] . By combining chemical-probing and FRET studies, it was shown that the EF-G-induced rotation corresponds to the formation of the hybrid state characterized in the early chemical-probing studies, and can occur in the absence of EF-G under conditions that favor spontaneous hybrid-state formation [14, 15] . Thus, the hybrid-state and ratchet models have converged on a common unified mechanism for translocation ( Figure 1b) .
A shortcoming of ensemble FRET experiments is that the behavior of individual molecules is masked by averaging. This problem is overcome by single-molecule FRET (smFRET) experiments. Using smFRET, fluorescently labeled tRNAs bound to pretranslocation ribosomes were observed to move spontaneously relative to one another, interpreted as fluctuations between the classical and hybrid states [16] [17] [18] . This was shown directly in smFRET experiments using fluorescently labeled ribosomal subunits, in which pretranslocation ribosomes containing deacylated tRNA in the P site were seen to fluctuate spontaneously between two rotational conformations corresponding to the classical and hybrid states [19] . In contrast, post-translocation ribosomes containing peptidyl-tRNA in the P site were fixed predominantly in the classical, nonrotated state. Analysis of equilibria between the two intersubunit conformations, based on FRET and chemical-probing data shows that the stabilization of the rotated, hybrid state is influenced both by the movement of the acceptor stem of deacylated tRNA into the 50S E site and by the binding of EF-G [19, 20] .
Binding of initiation factor IF2 [21] , release factor RF3 [14, 22, 23] , or ribosome recycling factor RRF [24] also causes movement into the rotated, hybrid state, extending the involvement of intersubunit rotation to the initiation and termination phases of protein synthesis. Moreover, counterclockwise rotation of the small subunit was also seen in cryo-EM reconstructions of EF-2-containing complexes of the eukaryotic ribosome [25, 26] . Thus, intersubunit movement and the hybrid-state intermediate appear to be universal features of translation that account for the conservation of the two-subunit organization of ribosomes among all branches of life.
Movement of the head of the small subunit
A careful inspection of the conformations of the ribosomal subunits shows that the intersubunit rotation described above is not a simple, rigid-body movement, but includes large-scale and small-scale structural rearrangements within both subunits. Moreover, there is a growing list of examples of localized conformational changes that are found throughout the ribosome during different steps of protein synthesis. A prime example is the movement of the head of the small subunit, an autonomous structural domain that is connected to the rest of the subunit by a neck consisting of a single helix (h28) of 16S rRNA.
Comparison of X-ray structures of vacant ribosomes from E. coli and tRNA-containing ribosomes from T. thermophilus shows a 128 counterclockwise rotation (viewed from the top) ( Figure 2a ) [27] . Cryo-EM reconstructions of EF-G-containing ribosomal complexes show that the aforementioned intersubunit rotation is accompanied by a similar 12-158 rotation of the head (Figure 1c ) [11, 12, 28] . A comparable rotational movement of the head was observed in eukaryotic ribosomes containing EF-2 [25] . This movement is most likely required to maintain proper contact between the tRNAs and the two ribosomal subunits upon transition into the hybrid state. A further movement of the head is predicted to occur during the second step of translocation to open the gap between residues G1338-U1341 in the head and A790 in the platform to create the $20 Å clearance that is needed for the ASL of the tRNA to pass from the P site to the E site of the small subunit [27] . Interestingly, binding of a mRNA and a tRNA anticodon stem-loop to the P site reverses this movement of the 30S head [29] resulting in a small subunit conformation similar to that found in classical-state ribosomes containing full-length tRNAs [3] [4] [5] .
The head of small subunit also moves during initiation and termination of protein synthesis. In the X-ray structure of a 70S ribosome termination complex containing release factor RF1 [30] the beak of the head moves 4.5 Å closer to the A site than that in the A-site tRNA-bound complex [31] . Movement of the head of the eukaryotic small ribosomal subunit is also induced by the binding of initiation factors eIF1 and eIF1A [32] .
Movement of the L1 stalk of the large subunit
The largest movement within the 50S subunit is that of the L1 stalk, a feature that comprises helices 76, 77, and 78 of 23S rRNA and protein L1. Cryo-EM and X-ray studies show the L1 stalk in at least three different orientations. In X-ray structures of ribosomes with a vacant E site, the L1 stalk is observed in an 'open' conformation leaning away from the body of the subunit (Figure 2b and c) [27, 29, 33] . When deacylated tRNA is bound in the classical E/E state, formation of the contact between the L1 stalk and the elbow of the tRNA requires Structural dynamics of the ribosome Korostelev, Ermolenko and Noller 677
Figure 2
Large-scale intrasubunit movements. (a) Movement of the 30S subunit head. Trajectories of phosphorus (blue) and Ca (dark blue) atoms demonstrating the movement of the head between two crystallographically determined positions for tRNA-containing T. thermophilus ribosomes [35] and vacant E. coli [27] ribosomes. The figure is adapted from Ref. [27] . (b) Movement of the L1 stalk of the 50S subunit. Interaction of the elbow of Esite tRNA [60] with 23S rRNA in the L1 stalk [34] causes a large-scale displacement of the stalk (blue) relative to its position in the vacant ribosome (magenta; gray shows the modeled portion of the L1 stalk rRNA). (c) Movement of the L1 and L11 stalks between conformations I (magenta) and II (gray) of vacant E. coli ribosomes [27] . (d) Detailed view of (c) showing the movement of the L11 stalk [27] . ( Figure 1 Continued ) Positions and translocation of tRNA in the 70S ribosome. (a) tRNAs bound to the A (yellow), P (orange), and E (red) sites of the T. thermophilus 70S ribosome [60] . mRNA (green) and Shine-Dalgarno helix are indicated. Molecular features are indicated by color: 16S rRNA (cyan), small subunit proteins (blue), 23 S rRNA (gray), 5S rRNA (light blue), and large subunit proteins (magenta). The model was constructed by superimposing the A-site tRNA and the SD helix from their corresponding 70S complexes [35, 47] into the 2.8 Å structure of the T. thermophilus 70S ribosome [31] . (Figure 2b) [31, 34, 35] . In cryo-EM reconstructions of EF-G-containing complexes, preserving contact with the elbow of the hybrid-state P/E tRNA requires the stalk to move by an additional 15-20 Å closer to the small subunit, relative to its position in the E/E state complex (Figure 1c) [12, 28] . Normal mode analysis and molecular dynamics simulations suggest that movement of the L1 stalk is inherently coupled to movement of the head of the small subunit during intersubunit rotation [36] [37] [38] . Recently, spontaneous fluctuations in smFRET between fluorescently labeled tRNA and protein L1 have provided evidence for inward movement of the L1 stalk upon movement of deacylated tRNA into the 50S E site during translocation or spontaneous hybrid-state formation [39] . No significant differences in tRNA-L1 FRET were observed between the classical E/E and hybrid P/E states. It appears that the 'closed' conformations of the L1 stalk are stabilized by its interactions with Esite tRNA [34, 39] . It remains unclear what triggers the opening of the L1 stalk, which is thought to facilitate the release of deacylated tRNA from the E site following translocation.
Movement of the L11 stalk
Another highly dynamic feature of the 50S subunit is the L11 stalk, the so-called 'GTPase-associated center' (GAC), located on the opposite side of the 50S subunit from the L1 stalk (Figure 2a and c) . The L11 stalk is formed from helices 42, 43, and 44 of 23S rRNA and protein L11. At the base of the stalk is the binding site for protein L10, to which are bound two (E. coli) or three (T. maritima) dimers of L7/L12 [40] , a protein that has been extensively implicated in the functions of the GTP-dependent translation factors [41] .
Comparison of the X-ray structures of vacant E. coli ribosomes crystallized in two different conformations [27] reveals an inward movement of the L11 stalk by more than 15 Å toward the A site (Figure 2d) . Likewise, the L11 stalk is observed in both its 'inward' [35, 42] and its 'outward' [34] positions in X-ray structures of similar tRNA-containing complexes of ribosomes from T. thermophilus. In X-ray structures of RF1-containing and RF2-containing termination complexes, the L11 stalk is seen in the inward position [30, 43] . Various degrees of movement of the L11 stalk were seen in cryo-EM reconstructions of ribosomal complexes containing EF-G [11, 28] , EF-Tu [44] , and RF3 [23] . However, the low resolution of cryo-EM data, possible structural heterogeneity, and differences in the interpretation of the maps for EF-G complexes by different groups [11, 28] indicate that further study will be required to gain a full understanding of how the dynamics of the L11 stalk are linked to ribosome function.
Dynamics of the Shine-Dalgarno helix on the 30S subunit
During initiation of protein synthesis in bacteria and archaea, selection of the mRNA start site is facilitated by base pairing between the Shine-Dalgarno (SD) sequence upstream from the mRNA start codon and the anti-Shine-Dalgarno (anti-SD) sequence at the 3 0 -end of 16S RNA [45] . Two crystallographic studies have provided insights into the dynamics of the SD helix. In one study, the SD helix was observed in two distinct positions relative to proteins S2 and S18: in one conformation, the 3 0 -end of 16S RNA is displaced by 10 Å toward protein S18 and away from protein S2 relative to the other conformation [42] . It was proposed that the implied movement occurs upon unwinding the SD helix during the early steps of the elongation phase. Another study used translation-libration-screw (TLS) refinement of X-ray data, which yields parameters describing potential anisotropic displacements of mobile regions of the structure. TLS analysis of a 70S ribosome complex showed that the SD helix is predisposed to a screw-like motion along its helical axis [46, 47] .
The structural basis for hinge-like movements of rRNA Remarkably, the putative hinge regions for movement of the 30S head and the L1 and L11 stalks contain three specific structural motifs known to facilitate the flexibility of RNA: G-U wobble base pairs [48] , kink turns [49] [50] [51] [52] , and G-ribo motifs [53] . By comparison of the structures of two conformers of the 70S ribosome, Schuwirth et al. localized the hinge point for one type of head movement within the G-C pairs 929:1388 through 932:1385 in helix 28 of 16S rRNA [27] . We note that two or more consecutive wobble base pairs (base pairs 924:1391 and 926:1390) are always found flanking the bulged G926 in helix 28 of 16S rRNA, suggesting that this conserved feature may be the point for other modes of movement of the 30S subunit head. Clusters of G-U pairs are also found in helix 76, which forms the base of the L1 stalk (base pairs 2099:2190 and 2100:2099) and in helix 42 in the base of the L11 stalk (base pairs 1035:1120 and 1036:1119). K-turns are found in the hinge regions of the L1 stalk at the junction of helices 75, 76, and 79 of 23S rRNA, and in the L11 stalk at the internal loop of helix 42. Additionally, the recently characterized G-ribo motif [53] found at the very base of the L11 stalk at nucleotide 1024 in the helix 41-helix 42 junction may also contribute to the conformational flexibility of the L11 stalk. It should be noted that the importance of these features for enabling hinge-like movements of rRNA has yet to be tested by mutational analysis.
Localized rearrangements in the decoding center
Besides these dramatic large-scale intersubunit and intrasubunit movements, protein synthesis involves numerous localized conformational changes in rRNA. One of the most vivid examples is found in the decoding center of the small ribosomal subunit, where the universally conserved nucleotides G530, A1492, and A1493 of 16S rRNA and A1913 of 23S rRNA undergo conformational rearrangements during initiation, aminoacyl-tRNA selection and termination, as shown by biochemical, genetic, and crystallographic studies [2, 30, 54, 55] . Depending on the functional state of the ribosome, these nucleotides are found in at least four different conformations (Figure 3) .
In free 30S subunits, A1492 and A1493 are stacked within h44 of 16S rRNA (Figure 3a ) [2] . When initiation factor IF1 is bound to the 30S subunit, A1492 and A1493 become unstacked, flipping out of h44 and into pockets in IF1 (Figure 3b ) [56] . During tRNA selection, A1492 and A1493 again flip out from h44, but remain stacked on each other while contacting the minor groove of the codon-anticodon helix (Figure 3c ) [31, 57] . G530 flips from the syn to the anti conformation, forming an A-G base pair with A1492, while A1913 of 23S rRNA interacts with the codon-anticodon helix. G530, A1492, and A1493 appear to discriminate Watson-Crick pairing by a precise steric fit involving A-minor interactions with the codonanticodon helix. This induced-fit RNA mechanism plays Structural dynamics of the ribosome Korostelev, Ermolenko and Noller 679 Changes in the conformation of the binding pocket for the peptidyl moiety of the P-site tRNA in the peptidyl-transferase center. (a) 70S ribosome with vacant P and A sites [27] (PDB 2AW4). (b) 50S subunit with CCA trinucleotide analogs of P-site (orange) and A-site (yellow) tRNAs [59] (PDB 1QVG). (c) 50S subunit with peptidyl-CCdApcb (orange) mimicking peptidyl-tRNA bound to the P site in the presence of sparsomycin (green) [27] (PDB 1VQ8). (d) 70S ribosome with deacylated tRNA bound to the P site (orange) (the 50S region of A-site tRNA was disordered) [31] (PDB 2J00 and 2J01). (e) and (f) Two views of a model in which the peptidyl-tRNA analog CCdApcb in (c) was superimposed on the 70S structure shown in (d). The model suggests a possible interaction of U2506 with the peptidyl moiety of the P-site tRNA (orange). The O4 and N3 positions of U2506 and the backbone amide and carbonyl groups of the aminoacyl moiety could move to within hydrogen bonding distance of each other upon minor repositioning of U2506 and the aminoacyl moiety. 23S rRNA is shown in gray.
a major role in selection of cognate aminoacyl-tRNA (reviewed in [2] ). In the RF1 termination complex [30] , A1492 and G530 flip out in a way similar to that seen in the decoding complex, but A1493 and A1913 are found in dramatically different conformations. A1913 occupies the site within h44 vacated by A1492, stacking on A1493, which remains in its ground-state position within h44 (Figure 3d ). These rearrangements appear to be critical for triggering a conformational change in RF1 that occurs upon recognition of the stop codon, leading to peptidyl-tRNA hydrolysis [30] . Thus, interactions with IF1, tRNA, or class I release factors cause characteristically different induced-fit conformations of these conserved nucleotides in the decoding site.
Localized rearrangements in the peptidyltransferase center
Comparison of crystal structures of different 50S subunit and 70S ribosome complexes shows that the largest rearrangements in the PTC occur in the pocket that binds the 3 0 -end of the aminoacyl-tRNA in the 50S A site. Based on structures of 50S complexes containing aminoacyl-tRNA analogs, it was inferred that the conformation of this pocket, formed by U2506, G2583, U2584, and U2585, depends on the occupancy of the A site [58] . In 50S subunits in which the A site is vacant or occupied by a CA dinucleotide, the universally conserved U2506 forms a base pair with G2583 (Figure 4a ). When a CCA trinucleotide is bound, uracil 2506 rotates by 908 toward U2585, leading to disruption of the U-G pair (Figure 4b ). During this transition, the Watson-Crick edge of U2506 can travel by up to 9 Å . This observation was interpreted to mean that the presence of C74 of the A-site tRNA is required to induce conformational changes in the PTC needed for optimal positioning of the substrates [58] . Surprisingly, however, in a 2.8 Å 70S ribosome structure, where deacylated tRNA is bound to the P site but the 50S A site is unoccupied [31] , the positions of U2506 and U2585 were close to those seen in 50S subunit complexes containing the CCA analog (Figure 4d) . Superposition of the 70S-tRNA structure [31] on the 50S subunit with an aminoacyl-tRNA analog bound to the P site [59] (Figure 4c ) suggests that U2506 is positioned to interact with the backbone of the aminoacyl moiety (Figure 4e and f) . This suggests that the rearrangements in the PTC may be the result of binding of tRNA to the P site rather than that of aminoacyl-tRNA to the A site, as proposed [58] . U2506 may serve to position the aminoacyl moiety in the peptidyl-transferase center and indirectly protect the P-site peptidyl-tRNA ester bond from hydrolysis, thus preventing spontaneous termination of peptide synthesis.
Conclusions
Recent advances in the study of ribosome structure have begun to reveal the remarkable conformational flexibility of the ribosome. The most dramatic structural rearrangement so far observed occurs in the formation of the hybrid-state intermediate of the translocation cycle, in which large-scale intersubunit rotational movement is coupled to a 40 Å movement of the L1 stalk and a 128 rotation of the 30S head. In view of the high structural and sequence conservation of the ribosome throughout all branches of life, it seems likely that most of the conformational changes observed in bacterial and archaeal ribosomes will be found in all ribosomes. Most of the conformational changes of the ribosome characterized to date involve structural rearrangements of rRNA, consistent with the idea that protein synthesis originated with an all-RNA ribosome.
